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Submitted f o r  p u b l i c a t i o n  September 11,  1981 

The photoconduct iv i t y  o f  t e t r a t h i a -  and te t rase lena-  
fu lva lenes has been compared w i t h  t h a t  of  squar ic  
acid-based organic  dyes, i n  order  t o  assess t h e i r  
p o t e n t i a l  f o r  use i n  pho tovo l ta i c  systems. Photo- 
conduction a c t i o n  spect ra have been measured f o r  
s i n g l e  c r y s t a l s  o f  each compound and compared w i t h  
photoacoustic spectra. The magnitudes o f  the  dark 
r e s i s t i v i t i e s  and o f  the photocurrents  o f  these 
compounds have been compared. The e lect ron-donor  
compounds are promising candidates f o r  use i n  photo- 
v o l t a i c  systems, so t h e i r  behavior as t h i n  f i l m s  was 
s tud ied.  These compounds form p o t e n t i a l  b a r r i e r s  when 
sublimed t o  form f i l m s  on metal surfaces, a l though 
p re l im ina ry  r e s u l t s  i nd i ca te  t h a t  they may no t  f o r m  
simple Schottky b a r r i e r s .  

“Supported by NSF through DMR80- 1531 8 
t N S F  Predoctoral Fellow, 1978-1981 
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INTRODUCTION 

I n te res t  i n  photovo l ta ic  energy conversion has grown 
rap id l y  i n  recent years. 
o f f e r  reduced mater ia ls  and f a b r i c a t i o n  costs, s tud i  s have 

However, these devices have shown f a i r l y  low power conver- 
s ion e f f i c i e n c i e s ,  because o f  poor c a r r i e r  generation and 
transport  p roper t ies  of the  organic mater ia ls .  I n  order t o  
be t te r  understand the proper t ies  o f  organic semiconductors, 
we have grown s i n g l e  c r y s t a l s  o f  two squar ic-acid der iva- 
t i v e s  used i n  r e l a t i v e l y  h igh -e f f i c i ency  photovo l ta ic  
~ y s t e m s , ~ * 5 * 7  and studied t h e i r  dark and photo-conduction. 
We a l so  hoped t o  incorporate the improved e lec t ron  t ranspor t  
p roper t ies  o f  the highly-conducting organic complexes i n t o  
photovo l ta ic  systems, and we have found tha t  some e lec t ron-  
donor compounds are  i n  f a c t  photo-act ive semiconductors. 

Since organic semiconductors could 

been done on var ious organic photovo l ta ic  systems. 1-Fj 

RESULTS AND D I S C U S S I O N  

Single Crys ta ls  

The compounds studied are shown i n  Figure 1 :  a l l  a re  
semiconductors, w i th  dark r e s i s t i v i t i e s  measured along the 

TMTSF n = I  HMTSF DBTTF 
n = 2  OMTSF 

" H y d r ox y - sq u a r y I i u m " 
dye I 

M erocya n i ne 
dye II 

FIGURE 1 Mater ia ls  invest igated. 
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NEW PHOTOACTIVE ORGANIC SEMICONDUCTORS [1461]/71 

Table 1 Sing le  Crysta l  R e s i s t i v i t y  Values 

Compound Dark R e s i s t i v i t y  (a-cm) 

TMTSF unsublimed 7.0 107 

subl imed 3 . 3  107 

7 subl imed 2.7 x 10 
8 OMTSF unsub 1 i med 1.2 x 10 

2 

7 
HMTSF 8 x 10 

DBTTF 7.2 x 10 

Hydroxy-squaryl ium I 

Merocyani ne I I 5 x 10’ 

8.1 x 107 

a-axi s 1 . 3  x 109 

T M T S F ~  c-axi s 
8 b-axi s 7.6 x 10 

A l l  values measured on one c r y s t a l  a 

longest c r y s t a l  a x i s  as l i s t e d  i n  Table 1 .  TMTSF c r y s t a l s  
are f a i r l y  large para l le lp ipeds ,  so the  cur ren t  could be 
measured along a l l  three c r y s t a l  axes. The reason f o r  the 
anomalously l o w  r e s i s t i v i t y  o f  HMTSF i s  not c lear .9  

The photoconduction spect ra o f  TMTSF, OMTSF, HMTSF, 
and the  su l fu r - con ta in ing  analogue DBTTF are compared w i t h  
the i  r absorpt ion spectra, as measured by photoacoustic 
spectroscopy, i n  Figures 2, 5, 6 ,  and 7. A l l  cu r ren ts  were 
measured along the  longest c r y s t a l  ax i s ;  photocurrents  a long 
the shor te r  axes o f  TMTSF c r y s t a l s  are shown i n  F igure 3 .  
Sublimation o f  TMTSF d i d  no t  a f f e c t  the  spec t ra l  character-  
i s t i c s ,  as shown i n  F igure 4. Photoconduction and absorp- 
t i o n  i n  TMTSF both appear a t  about 700 nm; a l though the 
c -ax is  photoconduction i s  low a t  t he  PAS peak, t he  photo- 
cu r ren t  along the  other  two axes i s  h igh  a t  t h i s  wavelength. 
The mechanism o f  the long-wavelength photoconduction i n  
OMTSF i s  not  c l e a r ,  but  t h i s  low-energy response i s  l a rge r  
i n  unsublimed samples. HMTSF shows even more pronounced 
low-energy photoconduction: t h i s  peak i s  so broadened t h a t  
the  photocurrent maximum occurs at.450 nm. 
have a band edge a t  570 nm, when both the  photoconduction 
and the  absorpt ion r i s e  sharp ly .  

DBTTF appears t o  
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8- 

- - - 
0 
x 6 -  

300 400  500 600 700 800 
Wavelength ( nm 1 

FIGURE 2 Photocurrent and photoacoustic spectra o f  TMTSF 

TMTSF Photocondu c t  ion 
/ - \  I \  

/ '1 
c-oxis- I 

- I \  
t I . . I  
/ ....* 1 

Wavelength ( n m l  

FIGURE 3 Photocurrent spectra along the axes of  TMTSF 
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NEW PHOTOACTIVE ORGANIC SEMICONDUCTORS [ 14631173 

FIGURE 4 c-Axis photocurrent  a c t i o n  spect ra  

Wavelength (nm) 

FIGURE 5 Photocurrent and photoacoustic spectra  of  OMTSF 
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74/[ 14641 S. E. RIBLETT et of. 

1 4  

- _. Photoconducflon 

Wavelength (nml 

FIGURE 6 Photocurrent and photoacoustic spectra o f  HMTSF 

1 I I I I 
300 400 500 600 700 800 

Wavelength (nm)  

FIGURE 7 Photocurrent and photoacoustic spectra of  DBTTF 
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NEW PHOTOACTIVE ORGANIC SEMICONDUCTORS [ 1465]/75 

The photoconduction and absorpt ion spect ra o f  the  
squar ic-ac id-der ived dyes are compared i n  Figures 8 and 9. 
Both dyes show broad responses through the v i s i b l e  reg ion 
and i n t o  the I R ,  as repor ted f o r  f i l m s  o f  the  dyes i n  
photovol t a  i c devices .4,5 , 7 

spectroscopic data (Table 2) and were measured f o r  th ree  
compounds using a h igh- in tens i  t y  mercury lamp (Table 3 ) .  
The value f o r  HMTSF i s  again odd, compared t o  the  o ther  
electron-donor compounds: apparent ly  the  la rge  dark cu r ren t  
leaves few c a r r i e r s  t o  be photo-excited. The dependence o f  
the photocurrent on l i g h t  i n t e n s i t y  f o r  TMTSF and the  dyes 
i s  d i s t i n c t l y  sub l inear ,  bu t  the  r a t i o  f o r  TMTSF remains 
about an order  o f  magnitude h igher  than t h a t  o f  the  dyes. 
The discrepancy between Iph / l d  r a t i o s  f o r  dye I c r y s t a l s  
from mesi ty lene and C H C I 3  i s  no t  w e l l  understood; i t  may be 
due t o  so lvent  incorporat ion,  o r  t o  the fac t  t h a t  c r y s t a l s  
from CHC13 a re  h i g h l y  r e f l e c t i v e ,  whereas those from mesi- 
t y lene are  d u l l  b lue.  Measurements a t  r e l a t i v e l y  h igh  l i g h t  
i n t e n s i t i e s  w i t h  TMTSF and dye I show t h a t  photocurrents  f o r  
both compounds f o l l o w  a power law I p h a  Ln, where L i s  the 
i n t e n s i t y ,  w i t h  0.5 5 n 5 0.65. 

Photocurrent-to-dark-current r a t i o s  were der ived  from 

Table 2 Photocurrent-to-Dark-Current Rat ios 
(L  = 0.12 mw/cm3) 

~ ~~~~~~ 

B ias hmax Rel. 
'ph'ld Iph / ld  

Id  (amp) (v )  (nm) 
Samp 1 e 

TMTSF 3 650 4 x 10-9 5.8 x 16 

OMTS F 5 675 3 x lo-1o 5.7 x lo-2 15 
HMTS F 1.5 450 4.1 x 1.3 x 0.035 

610 1.1 X 0.030 

DBTTF 10 3 70 4 x lo-1o 2.1 x lo-2 5.7 

5 800 3 x lo-1o 1.9 X l o - '  51 

5 830 7.6 x 9.2 X 2.5 

Dye I 

Dye I 

(mes i t . ) 

(CHC 1 3) 

Dye I I 5 360 7 x 10-9 3.7 x 10-3 I 
825 3.6 x 10-3 I 
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76/[ 14661 S. E. RIBLETT er 01. 

FIGURE 8 
hydroxy-squaryl ium dye I 

Photocurrent and photoacoustic spectra of 

FIGURE 9 
merocyanine dye I I  

Photocurrent and photoacoustic spectra of 
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NEW PHOTOACTIVE ORGANIC SEMICONDUCTORS [1467]/77 

Table 3 Photocurrent-to-Dark-Current Rat ios 
(L = 230 mw/cm2) 

Rel. Quantum 
I p h / l d  Iph / l d  E f f i c .  Samp 1 e Hg 1 ines 

TMTS F 546,577 5.0 X 10-1 12 5 x 

I I  3.6 x 0.9 9 x Dye I 
(CHC 1 3) 

Dye I I I 1  4.2 x 1 9 x 10-7 

Since the te t rase lenafu lva lenes  photoconduct over a 
large p o r t i o n  o f  the  v i s i b l e  spectrum, and TMTSF has a 
l a rge r  photocurrent - to-dark-current  r a t i o  than t h e  dyes over 
a wide range o f  i n t e n s i t i e s ,  we were encouraged t o  t r y  t o  
cons t ruc t  metal-semiconductor p o t e n t i a l  b a r r i e r s  us ing  these 
mater ia ls .  Besides generat ion o f  a photocurrent ,  a b u i l t - i n  
p o t e n t i a l  b a r r i e r  i s  the o ther  major phenomenon necessary t o  
ob ta in  a photovol t a i c  response. 

Thin Fi lms 

To determine whether these semiconductors form p o t e n t i a l  
b a r r i e r s  a t  metal in te r faces ,  f i l m s  o f  TMTSF and DBTTF have 
been sublimed on to  metal subst rates i n  o rder  t o  study the  
cur ren t  c h a r a c t e r i s t i c s .  The dark I - V  curve f o r  such a 
sample, TMTS sublimed on to  copper w i t h  a ga l l ium- ind ium 
a l l o y  as the top e lect rode,  i s  shown i n  F igure 10. The 
d i r e c t i o n  o f  cu r ren t  r e c t i f i c a t i o n  i nd i ca tes  an n-type semi- 
conductor f o  ming a b a r r i e r  a t  the  copper e lec t rode.  

I f  r e c t  f i c a t i o n  i s  due t o  a Schottky b a r r i e r ,  the  
curve should f o l  low a Shockley-type equation: lo 

where J i s  the  cu r ren t  densi ty ,  q the  e l e c t r o n i c  charge, V 
the app l ied  voltage; k i s  Bolttmannls constant, T the  
absolute temperature, and n i s  an experimental parameter, 
where n = 1 i n  the  ideal  case. Using the  thermionic  
emission model t he  sa tu ra t i on  cu r ren t  dens i t y  Jo i s  

411 2 2  @B 
= (- qm*k ) T exp (-* w) Jo h3 

where h i s  Planck's constant, m* the  e f f e c t i v e  e l e c t r o n  mass 
(assumed t o  be 16,11), and $B i s  the he igh t  o f  the Schottky 
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78/[ 14681 S. E. RIBLETT er a/. 

Ga- In  /TMTSF/Cu 

X I 0  

- I  1 

FIGURE 10 
onto copper, w i t h  a Ga-In top e lec t rode  ( p o l a r i t y  g iven f o r  
copper). 

Dark cur ren t -vo l tage curve f o r  TMTSF sublimed 

b a r r i e r .  A p l o t  o f  log I versus V f o r  the  device i n  F igure 
10 i s  g iven i n  F igure  11;  the data appear l i n e a r  a t  low 
voltages, although the cur ren t  saturates a t  h igher  l eve l s .  
However, the  slope and in te rcep t  o f  t h e  least-squares l i n e ,  
shown i n  the  f i gu re ,  g i v e  n = 5.9 and $B = 0.90 V.  
l a rge  value of n ind ica tes  t h a t  these devices do no t  f o l l o w  
simple Schottky b a r r i e r  behavior, so the  v a l i d i t y  o f  the $B 
ca l cu la t i on  is i n  doubt. S im i la r  r e s u l t s  were obta ined f o r  
DBTTF. 

The very 

EXPERIMENTAL 

TMTSF, OMTSF, HMTSF, and DBTTF12 were p u r i f i e d  by column 
chromatography o r  r e c r y s t a l l i z a t i o n .  
(- 10 mg) was sublimed i n  a v e r t i c a l  tube a t  140°C and 10 
t o r r ;  one batch o f  TMTSF was grad ien t  sublimed, range 

One batch o f  OMTSF -2 
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NEW PHOTOACTIVE ORGANIC SEMICONDUCTORS [1469]/79 

I Go- ln /TMTSF/Cu 

. 

FIGURE 1 1  Semi-log p l o t  o f  data i n  F igure 10. 

25°C-1500C, a t  2 x lom2 t o r r .  TMTSF c r y s t a l s  were grown by 
slow evaporation o f  CH2C12 so lu t i ons ; l 3  the sub1 imed sample 
was grown under A r  i n  a dry  box. 
obta ined by slow coo l i ng  EtOAc so lu t i ons ,  under At-; HMTSF 
c r y s t a l s  by slow coo l ing  chlorobenzene so lu t ions ;  DBTTF 
c r y s t a l s l 4  by slow coo l i ng  a s o l u t i o n  i n  benzene and hexane. 
Hydroxy-squaryl ium dye I15  and merocyanine dye I1 l6 were 
r e c r y s t a l l i z e d  several t imes. Dye I c r y s t a l s  were obta ined 
f i r s t  by slow coo l i ng  mesi ty lene so lu t i ons  under A r ,  then 
as h i g h l y - r e f l e c t i v e  needles by coo l i ng  CHC13 so lu t i ons ;  
dye I I  c r y s t a l s  by slow coo l i ng  DMF so lu t i ons  under A r .  

TMTSF and DBTTF f i l m s  were sublimed (13OoC,  5 x 

OMTSF c r y s t a l s  were 

t o r r )  on to  copper s t r i p s ,  which had been cleaned w i t h  d 
HNO3. A Ga-In a l l o y  was used as top e lec t rode.  Crysta 
were mounted on I C  boards, us ing  s i l v e r  paste t o  a t t a c h  
copper and gold leads. Dark I - V  curves were obta ined w 
a Ke i th ley  241 High Voltage Supply and a Kei th ley.602 
Electrometer. Photo-measurements, performed a t  t he  
Appl ied  Physics Laboratory, used a Spex 100-W quartz-ha 

1 Ute 
S 

t h  
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80/[ 14701 S. E. RIBLETT et a/. 

l i g h t  source and Spex Minimate monochromator, w i t h  a chopper. 
The a.c. s igna ls  generated were passed through a PAR 173/179 
po ten t i os ta t  t o  a PAR HR-8 l ock - in  amp l i f i e r .  Spectra were 
recorded on an X-Y  recorder d r i ven  by the monochromator 
wavelength d r i v e  and the lock- in .  
were obtained using a PAS c e l l  b u i l t  a t  A.P.L. A l l  spectra 
were normalized f o r  l i g h t  source i n t e n s i t y .  A h igh- 
i n t e n s i t y  mercury lamp and neut ra l  densi ty f i l t e r s  were 
used fo r  i n tens i  ty-dependence measurements. 

Photoacoustic spectra 
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